Large sulfur-oxidizing bacteria in the family Beggiatoaceae are important players in the global sulfur cycle. This group contains members of the well-known genera Beggiatoa, Thioploca, and Thiomargarita but also recently identified and relatively unknown candidate taxa, including "Candidatus Thiopilula" spp. and "Ca. Thiophysa" spp. We discovered a population of "Ca. Thiopilula" spp. colonizing cold seeps near Barbados at a ϳ4.7-km water depth. The Barbados population consists of spherical cells that are morphologically similar to Thiomargarita spp., with elemental sulfur inclusions and a central vacuole, but have much smaller cell diameters (5 to 40 m). Metatranscriptomic analysis revealed that when exposed to anoxic sulfidic conditions, Barbados "Ca. Thiopilula" organisms expressed genes for the oxidation of elemental sulfur and the reduction of nitrogenous compounds, consistent with their vacuolated morphology and intracellular sulfur storage capability. Metatranscriptomic analysis further revealed that anaerobic methane-oxidizing and sulfate-reducing organisms were active in the sediment, which likely provided reduced sulfur substrates for "Ca. Thiopilula" and other sulfur-oxidizing microorganisms in the community. The novel observations of "Ca. Thiopilula" and associated organisms reported here expand our knowledge of the globally distributed and ecologically successful Beggiatoaceae group and thus offer insight into the composition and ecology of deep cold seep microbial communities.
T he family Beggiatoaceae contains the sulfur-oxidizing genera Beggiatoa, Thioploca, and Thiomargarita, including the largest known bacterium, Thiomargarita namibiensis, which can have cell diameters of Ͼ750 m (1, 2) . Certain members of the Beggiatoaceae store nitrate in a large central vacuole, which supplies an electron acceptor to fuel anaerobic sulfur oxidation when oxygen is unavailable (2) (3) (4) . As sulfide-oxidizing lithotrophs, members of the Beggiatoaceae thrive in diverse sulfidic environments (5, 6) . Biomats constructed by these microorganisms are a conspicuous feature at oxygen minimum zones, hydrocarbon seeps, hydrothermal vents, and whale falls (see reference 7 and references therein), where they fill important roles in the global carbon and sulfur cycles. For example, the Beggiatoaceae are often primary producers in sulfidic marine sediments, where they act to conserve some of the potential energy present in sulfide that is produced during the anaerobic remineralization of organic carbon. As much as 80 to 95% of the sulfide produced during sulfate reduction escapes burial and is reoxidized, and much of this reoxidation occurs in the shallow sediment zone (8, 9) . In addition to catalyzing important sulfur and nitrogen transformations, marine representatives of the Beggiatoaceae may even contribute to phosphate mineral formation (10) (11) (12) . Furthermore, because of their large size and morphological complexity, Beggiatoa-and Thiomargarita-like cells have been identified in the fossil record and offer clues to microbial sulfur cycling earlier in Earth's history (13) (14) (15) (16) (17) .
Recently, our knowledge of the Beggiatoaceae was dramatically expanded by systematic single-cell rRNA gene sequencing (1) . Newly proposed candidate taxa include multiple clades of marine Beggiatoa-like organisms ("Candidatus Maribeggiatoa," "Ca. Isobeggiatoa," and "Ca. Parabeggiatoa") as well as two groups of small, Thiomargarita-like organisms ("Ca. Thiophysa" and "Ca. Thiopilula"). Very little is known about "Ca. Thiophysa" and "Ca. Thiopilula." Like other large, vacuolated, sulfur-oxidizing bacte-ria, both candidate genera remain uncultivated. "Ca. Thiophysa" and "Ca. Thiopilula" are spherical, vacuolated bacteria with elemental sulfur inclusions and either a completely sessile lifestyle or some limited rolling or twitching motility (1) . "Ca. Thiophysa" organisms are solitary spherical cells with diameters of 56 to 90 m. "Ca. Thiopilula" organisms are somewhat smaller, with reported diameters of between 14 and 67 m, and occur as clusters of cells bound in thick biofilm matrices or enclosed in diatom frustules. "Ca. Thiopilula" spp. were first identified in oxygen minimum zone sediments in Namibia (1) and have also been found at cold seeps in the Barents Sea (18) .
Here we report the occurrence of "Ca. Thiopilula" spp. in deep cold seeps near Barbados. Cold seeps occur in the Barbados accretionary prism, where sediment compaction and tectonic processes facilitate the movement of methane-rich fluids to the sedimentwater interface. These hydrocarbon fluxes stimulate sulfate reduction and the anaerobic oxidation of methane (AOM), which produce sulfide-enriched sediments that in turn support chemosynthetic communities of free-living microorganisms and symbiotic invertebrates (19, 20) . We used microscopy and rRNA methods to describe a Barbados microbial mat community containing abundant "Ca. Thiopilula"-like bacteria and applied metatranscriptomic analysis to explore gene expression by Barbados "Ca. Thiopilula" organisms when exposed to anoxic, sulfidic conditions. To our knowledge, this represents the first description of "Ca. Thiopilula" spp. that occur as solitary cells as well as the first metatranscriptomic information for members of this candidate genus and one of the first metatranscriptomic data sets from cold seep environments in general.
MATERIALS AND METHODS
Sample collection and microscopy. Samples for this study were retrieved during a research cruise to the Barbados accretionary prism aboard the R/V Atlantis in June 2012 ( Fig. 1 ). Cold seep sediments (13°46.65=N, 57°32.25=W; 4,743-m water depth) in the vicinity of the Manon mud volcano were collected by using push core (ϳ15 to 30 cm long) with the ROV Jason. Cold seep sediments, adjacent to Calyptogena clam colonies, were covered with a white microbial mat at the sediment-water interface ( Fig. 2A ). Immediately after collection, biofilm and sediment were observed and imaged with an Olympus SZX-16 stereomicroscope equipped with a Canon EOS T2i digital camera (Olympus, Japan). Samples of the biofilm for DNA extraction were fixed in RNAlater (Ambion, USA) and stored at Ϫ80°C, samples for fluorescence microscopy were preserved in 4% paraformaldehyde (PFA), and sediment samples for incubation experiments and live analysis were stored and transported at 4°C. Core top waters were syringe filtered (0.2 m), acidified to pH 1 with HCl, and stored at 4°C until analysis.
rRNA gene methods. DNA was extracted from the biofilm and sediment by using the MoBio PowerSoil DNA isolation kit (MoBio Laboratories, USA). Extractions were performed according to the manufacturer's instructions, except that aliquots of each sample were bead beaten for 5, 10, and 15 min and recombined to reduce DNA extraction bias. rRNA gene libraries were generated from DNA extracts by amplifying the V3 and V5-V6 hypervariable regions of the 16S rRNA gene. V3 libraries were created by using bar-coded adaptor primers described previously (21) , except that the priming sequence of the reverse primer was modified slightly (new V3 reverse primer, TTACCGCGGCTGCTGG) and a degenerate sequence of 4 to 7 nucleotides (e.g., NNNN) was added to each reverse primer (in addition to the forward primer) to improve cluster identification. Amplification by PCR was performed with HotStarTaq Plus polymerase (Qiagen, USA) under the following conditions: an initial denaturation step at 95°C for 5 min; 25 cycles of denaturation (95°C for 1 min), annealing (50°C for 1 min), and elongation (72°C for 1 min); and a final elongation step at 72°C for 7 min. Following extraction, PCR products were purified by using the Zymoclean gel DNA recovery kit (Zymo Research, USA), and libraries were pooled and sequenced at the University of Minnesota Genomics Center (UMGC) by using the Illumina MiSeq system (150 cycles, paired end). V5-V6 libraries were generated by using the automated amplicon sequencing service at the UMGC, with primers V5_F (RGGATTAGATACCC) and V6_R (CGACRRCCATGCANCA CCT) (V6_R is 1064R [22] , and V5_F is F784 [23] ). V5-V6 primers included tail sequences to allow subsequent bar-coding (forward primer TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and reverse primer GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). Samples were amplified at the UMGC with Kapa HiFidelity Hot Start polymerase (Kapa Biosystems, USA), with an initial denaturation step at 95°C for 5 min and 25 cycles of denaturation (98°C for 20 s), annealing (55°C for 15 s), and elongation (72°C for 1 min). Barcodes and Illumina sequencing adaptors were attached with a second amplification step according to the recommended amplicon sequencing protocols (Illumina), and libraries were size selected (Caliper LabChip XT; PerkinElmer, USA), pooled, and sequenced by using the Illumina MiSeq system (300-bp paired end).
We used 4=,6-diamidino-2-phenylindole (DAPI) staining to image the cells and fluorescence in situ hybridization (FISH) to verify that the large sulfur-oxidizing bacteria were alive after the incubation experiments. FISH and DAPI staining were performed on paraformaldehyde-fixed sediment samples as described previously (24) , using the general bacterial FISH probe EUBMIX (1:2 mixture of GCTGCCTCCCGTAGGAGT and GCWGCCACCCGTAGGTGT [25] ). Cells were imaged with an Olympus BX61 compound microscope equipped with an Olympus DP72 camera running the Olympus CellSens Dimensions software package (Olympus, Japan). Cell diameters were measured from photomicrographs of fixed and live cells.
To verify the identity of the "Ca. Thiopilula"-like organisms, four individual cells were picked from the cold-seep sediments by a pipette and pooled for DNA extraction. DNA was extracted from the picked cells as described above, and 16S rRNA genes were amplified by using GoTaq Green master mix (Promega, USA) with Beggiatoaceae-specific primers VSO233Fmod (CCTATGYCRGATTAGCTW) and ITSReub (GCCAAG GCATCCACC). Primer VSO233Fmod was modified from previously described primer VSO233F (1), and the PCR amplification protocol was performed according to protocols described previously (1) , except that the annealing temperature was lowered to 52°C and the total number of cycles was increased to 30. A second amplification was necessary to generate sufficient product for sequencing. The PCR product was directly sequenced with primers VSO233Fmod and VSO1300Rmod (ATCCGGA CTACGAGWAR) at the UMGC with a capillary ABI 3730xl sequencer and ABI BigDye Terminator version 3.1 chemistry (Applied Biosystems, USA).
Incubation experiments. Sediment incubations were performed as part of a larger experiment on phosphorus cycling, and the phosphorusrelated results will be reported in detail elsewhere. Sediment samples for incubations were initially spiked with 0.5 mM phosphate (pH 8) after collection and stored in sealed conical tubes with minimal headspace at 4°C. Prior to incubation, sediment samples were gently washed three times by adding and removing 25 ml of phosphate-free artificial seawater. Sediment samples were then incubated under anoxic conditions for 6 h, in a fashion similar to that for experiments described previously (11) . Two grams of sediment was added to 20 ml of anoxic artificial seawater (pH 7.3) on the surface of an agar plug with 1 mM Na 2 S (pH 7.3). The pH of the seawater solution was 7.3 before and after incubation, and the redox indicator resazurin was used to ensure that sediment samples remained anoxic for the duration of the experiment. After 6 h, incubation sediment samples were immediately preserved in RNAlater under anoxic conditions and stored at Ϫ80°C until RNA extractions were performed. Aliquots (1.5 ml) of the supernatant were collected at the start and at the end of the incubation experiment. The supernatants were syringe filtered (0.2 m), stored frozen (Ϫ20°C), and later analyzed for major anions and cations by ion chromatography (IC) and inductively coupled plasma optical emission spectroscopy (ICP-OES), respectively, at the University of Minnesota Analytical Geochemistry Laboratory.
RNA extraction and cDNA library construction. RNA was extracted from postincubation sediment samples by using the MoBio PowerBiofilm RNA isolation kit, according to the manufacturer's instructions (MoBio Laboratories, USA). DNA was removed with two DNase treatments: an on-column treatment with DNase I (MoBio, USA) and a second treatment with the Turbo DNase enzyme (Ambion, USA). The RNA extract was purified and concentrated with the RNA Clean & Concentrator kit (Zymo, USA). The absence of DNA from the RNA product was verified by attempting to amplify 16S rRNA genes with 35 PCR cycles and primers 27f and 1492r (94) . RNA quality was checked by using a Bioanalyzer assay (Agilent Technologies, USA) as well as by successful amplification of 16S rRNA transcripts by reverse transcription (RT)-PCR (Sensiscript; Qiagen, USA) with primer pair 27f-1492r.
A cDNA library was generated from the RNA extract with the Ovation RNA-Seq system V2 (NuGEN Technologies, USA), according to the manufacturer's instructions. cDNA was purified with the MinElute Reaction Cleanup kit (Qiagen, USA), quantified with a NanoDrop instrument (Thermo Scientific, USA), and submitted for library preparation (TruSeq; Bioinformatic analyses. Analysis of 16S rRNA gene amplicon libraries was performed by using mothur (26) and QIIME (27) . First, raw sequences were quality trimmed and filtered (average quality of 30 and minimum length of 80 bp) by using Sickle (https://github.com/najoshi /sickle), sequences containing residual adaptors were removed with cutadapt (95) , and paired-end sequences were assembled with PEAR (28) . Operational taxonomic units (OTUs) were defined at 97% similarity by using default parameters in QIIME, sequences were classified by using the Silva reference sequences and taxonomic outline (29) , and the phylogenetic positions of certain representative sequences were determined by importing them into ARB (30) . Putative chimeric sequences, as determined by UCHIME (31), were excluded from analyses.
Raw metatranscriptomic sequences were quality trimmed and filtered by using Sickle (average minimum quality of 28 and minimum length of 50 bp), screened for residual adaptors with cutadapt, dereplicated (identical forward and reverse reads) with an in-house script, and checked for quality with FastQC (http://www.bioinformatics .babraham.ac.uk/projects/fastqc/). Due to the presence of overrepresented kmers at the 5= end, the first 10 bp were clipped from all sequences. Most rRNA sequences were removed prior to assembly with riboPicker (32) and then with additional BLASTN screening (33) following assembly. Transcripts were assembled with IDBA-UD (34), with kmer sizes of 45, 55, and 65. Read mapping was performed with the Burrows-Wheeler aligner (BWA) (35) using default parameters, and assembly quality was verified visually by using the Integrative Genome Viewer (IGV) (36) . Contig coverage was determined from BWA mapping.
Contigs were annotated by using the standard bioinformatics pipeline at the MG-RAST server (37) and via the Rapid Analysis of Multiple Metagenomes with Clustering and Annotation Pipeline (RAMMCAP) (38) at the Community Cyberinfrastructure for Advanced Microbial Ecology Research and Analysis (CAMERA) online workbench (39) . We identified Beggiatoaceae sequences with PhymmBL (40), using a confidence score cutoff of 0.65 (as determined by simulated taxonomic classification [see below; see also Fig. S1 in the supplemental material]) and a custom database amended with contigs from the following draft genomes: Beggiatoa alba B18LD (NCBI BioProject number 62137), "Beggiatoa orange Guaymas" (41, 42) , "Beggiatoa PS" and "Beggiatoa SS" (43), Thioploca araucae Tha-CCL (NCBI BioProject number 19383), and an unpublished Thiomargarita nelsonii genome. The taxonomic composition of the mRNA subset was determined by PhymmBL classification of a subset of 31 conserved universal phylogenetic marker genes (44) . We assessed the accuracy of PhymmBL taxonomic assignments by fragmenting and classifying four microbial genomes that were not represented in our PhymmBL database. When fragmented in silico to 1,000 bp, genome fragments were correctly assigned with a PhymmBL confidence cutoff of 0.65 at rates of Ͼ85% and Ͼ70% at the class and family levels, respectively, and assignment accuracy increased with increasing PhymmBL confidence scores (see Fig. S1a and S1b in the supplemental material) (40) . Fewer than 50% of the total simulated sequences could be assigned with this cutoff value (see Fig. S1c and S1d in the supplemental material).
Small-subunit (SSU) rRNA transcripts from the metatranscriptome were assembled with EMIRGE (45) on a data set of 1 million randomly selected read pairs from the raw data set. Raw reads were quality screened as described above, except that the minimum average read quality cutoff in Sickle was increased to 30. Nearly full-length EMIRGE transcripts were aligned by using the SINA aligner (46) and manually corrected in ARB (30) . Only EMIRGE contigs that represent Ͼ0.1% of rRNA transcripts were analyzed. Phylogenetic analysis of rRNA sequences included representatives of major groups in the Beggiatoaceae (1) . Prior to phylogenetic analysis, alignments were end clipped so that all sequences were of equal length, with the exception of the shorter 16S rRNA gene sequence directly amplified from handpicked cells (950 characters), and positions with Ͼ50% gaps were removed (final alignment, 1,122 positions). Maximum likelihood analysis was performed with RAxML v.8 (47) , using the general time-reversible substitution model with gamma rate variation, as selected by the corrected Akaike information criterion (AICc) with jModelTest v.2.1.5 (48) . Base frequencies, proportions of invariant sites, and shape parameter (␣) values were estimated from the data. Bootstrapping was performed with 1,000 replicates by using the RAxML rapid bootstrap algorithm. Hydroxylamine oxidoreductase (HAO)-like sequences were aligned with the Expresso algorithm in T-Coffee (49) , and dissimilatory sulfite reductase (DsrA) sequences were aligned in ARB by using a database described previously (50) . Alignments were trimmed with the automated1 option in TrimAL (51), for final lengths of 293 and 308 amino acids for the DsrA and HAO alignments, respectively. Maximum likelihood analyses were performed with RAxML with 100 rapid bootstrap replicates, using the LG amino acid substitution model (52) , as determined by the AICc in ProtTest v.2.4 (53) . Proportions of invariant sites and alpha parameter values were estimated from the data.
Nucleotide sequence accession numbers. The partial 16S rRNA gene from the picked "Ca. Thiopilula" cells was deposited in GenBank under accession number KM279319. Amplicon libraries and the raw metatranscriptomic data set were deposited in the Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under accession number SRP045208, and assembled contigs can be accessed at MG-RAST (https: //metagenomics.anl.gov) under ID 4556388.3.
RESULTS AND DISCUSSION

Observations of cold seeps and large sulfur-oxidizing bacteria.
Sulfide-oxidizing bacteria commonly form extensive microbial mats at cold seeps. These mats generally form near the sedimentwater interface, where hydrogen sulfide, produced by the anaerobic oxidation of methane (AOM) and/or sulfate reduction, encounters dissolved oxygen or nitrate. At these interfaces, a variety of sulfide-oxidizing taxa, including Beggiatoa, Arcobacter, Thiothrix, and Thiomargarita, are known to form microbial mats, commonly with certain taxa being enriched within a certain biogeochemical niche or microenvironment (54, 55) . Macrofaunas associated with mud volcanoes of the Barbados accretionary prism were previously reported (19, 20) , but little work has been done to characterize the microbial communities at these deepwater methane seep sites (56) .
Manon is one of several mud volcanoes found eastward of the accretionary prism deformation front ( Fig. 1 ). Manon is a conical mud volcano ϳ180 m in height and ϳ1,000 m in diameter (57) . Calyptogena clam colonies and microbial mats are present on the upper slope and summit (19) . In our study, patches of microbial mat and black-stained sediment were found adjacent to beds of Calyptogena clams. Push core samples were collected from mats that consisted of white tufts and pustules (up to 1 mm thick) overlying gray-black sulfide-stained sediments that had an appearance distinct from that of the surrounding buff-colored sediment ( Fig. 2) . Examination of the white biomat at the sedimentwater interface revealed large spherical cells ( Fig. 2A and B ). Cell diameters of the spherical organisms ranged from 5 to 40 m, with smaller cells, between 5 and 10 m in diameter, being much more abundant than larger cells. Cells were solitary and divided by binary fission (Fig. 2D ). These cells morphologically resembled solitary Thiomargarita cells that are found at methane seeps but with much smaller cell diameters. The Barbados cells contained internal S globules, which were identified by their high relief and distinctive appearance by phase-contrast microscopy (Fig. 2C ) and by the observation of inclusions rapidly dissolving when cells were dehydrated in ethanol (58) . A central vacuole was observed under the microscope (Fig. 2) . No evidence of motility was observed. The cells were maintained in cold seep sediments at 4°C and observed over a 3-to 5-week period, during which time their internal sulfur globules were slowly consumed and the cells became increasingly fragile and easily disrupted when handpicked via a pipette.
Identification of "Ca. Thiopilula." Although microscopic observations showed that large, vacuolated, sulfur-oxidizing bacteria were abundant in the cold seep sediments (Fig. 2) , sequences affiliated with the family Beggiatoaceae were either exceedingly rare or absent in 16S rRNA gene amplicon libraries despite the use of two different primer sets (see below). Initial attempts at amplifying rRNA sequences from single cells using Beggiatoaceae-specific primers (1) were unsuccessful. However, following EMIRGE assembly of small-subunit (SSU) rRNA transcripts in the metatran-scriptome, we identified a full-length 16S rRNA sequence representing 2.5% of SSU rRNA transcripts that shares 99% nucleotide identity with "Ca. Thiopilula aggregata." This sequence is the eighth most abundant SSU rRNA transcript in the data set. Phylogenetic analysis places it with "Ca. Thiopilula" sequences in the Beggiatoaceae, along with a second full-length EMIRGE transcript that represents 0.8% of SSU rRNA transcripts ( Fig. 3 ). This second transcript shares 95% identity with "Ca. Thiopilula aggregata." The only other sequence affiliated with the Beggiatoaceae in the EMIRGE assembly was a sequence that shares 97% identity with Thiomargarita namibiensis and represents 0.19% of total sequences.
Upon inspection of the Barbados "Ca. Thiopilula" sequences retrieved from the EMIRGE assembly, we found that Beggiatoaceae-specific primers had mismatches with the Barbados sequences. We then modified forward primer VSO233F to also hit the Barbados "Ca. Thiopilula" rRNA transcripts (new primer VSO233Fmod). Using this new forward primer, we verified the identity of the large, vacuolated bacteria by successfully amplifying a partial "Ca. Thiopilula" 16S rRNA gene (973 bp) from a DNA extract from handpicked cells. The 16S rRNA gene retrieved from the picked cells shares 99% identity with "Ca. Thiopilula aggregata" and groups with the clade containing the Barbados "Ca. Thiopilula" sequences ( Fig. 3) .
"Ca. Thiopilula aggregata" is a small Thiomargarita-like bacterium with elemental sulfur inclusions and a large central vacuole (1, 6) . "Ca. Thiopilula" bacteria were previously identified in the Namibian shelf and at cold seeps near Norway, at depths of 100 to 200 and 720 m, respectively (1, 18) . "Ca. Thiopilula aggregata" cells from Namibia are somewhat larger than the Barbados "Ca. Thiopilula" cells (minimum cell diameter of 5 m for the Barbados population versus 14 m for Namibian "Ca. Thiopilula" populations), but their morphologies are otherwise consistent. Unlike the Namibia "Ca. Thiopilula aggregata" cells, which occur primarily as aggregates (1), the Barbados organisms were solitary although still associated with biofilm-like material (Fig. 2) . The Barbados "Ca. Thiopilula" organisms did not appear to be motile.
We cannot rule out the possibility that some of the large cells in the sample belong to other clades within the Beggiatoaceae or that there is genetic heterogeneity among the cells. However, the morphology of the Barbados cells is consistent with that previously reported for "Ca. Thiopilula." Because of this, and given the abundance of "Ca. Thiopilula" rRNA transcripts, we are confident in the conclusion that most of the Barbados cells are "Ca. Thiopilula." "Ca. Thiopilula" sequences were exceedingly rare or absent from 16S rRNA gene amplicon libraries despite their apparent numerical abundance in the mat and in the metatranscriptome. Numerous previous studies (59) (60) (61) (62) (63) (64) (65) have also noted difficulties in obtaining 16S rRNA gene sequences for members of the Beggiatoaceae from samples visibly dominated by large sulfur-oxidizing bacteria. Some differences among rRNA gene and transcript libraries are expected, given that different organisms maintain different ribosome numbers and that microbial populations can be inactive (66) (67) (68) , but the discrepancy between the rRNA gene and transcript gene abundance of "Ca. Thiopilula" in this case was striking and was not observed for other populations in the sample (Fig. 4) . Biases against members of the Beggiatoaceae with standard primer sets are well known (1, 69) , and indeed, we were unable to amplify a "Ca. Thiopilula" 16S rRNA gene from single cells until primers were modified based on information from the metatranscriptome. However, the primer sets used for 16S rRNA gene amplicon sequencing (V5-V6 and V3) have no mismatches with the Beggiatoaceae sequences in Fig. 3 , including all three Barbados "Ca. Thiopilula" sequences. "Ca. Thiopilula" spp. and other members of the Beggiatoaceae are known to have introns in their rRNA genes (63) , which theoretically could have produced long sequences that would have been removed with size selection by gel extraction or the Caliper LabChip XT instrument during library preparation. However, no intron sequences were present in the partial 16S rRNA gene sequence from the picked-cell extract. Other possibilities include bias during the DNA extraction step (although we used multiple bead beatings in an attempt to offset this bias) or a relatively small amount of "Ca. Thiopilula" DNA relative to its rRNA content and to that of other bacteria. Perhaps, the small cytoplasmic volume relative to the cell size of large sulfur-oxidizing bacteria represents a special case in which, compared to other microorganisms, more rRNA than DNA is produced, although many large bacteria are also known to exhibit extreme polyploidy and thus also have more DNA per cell (exceeding 10,000 genome copies/cell in some cases) (70, 71) .
Diversity and structure of the cold seep microbial community. The Barbados "Ca. Thiopilula" organisms were associated with many smaller microorganisms, both aggregated in the white biofilm material and in the shallow sediments (Fig. 2) . rRNA gene libraries were generated from both the white biofilm material (127.5k sequences following quality screening and assembly, 16S rRNA gene V3 region) as well as the sediment and biofilm samples that were used in the incubation experiment (51k sequences following quality screening and assembly, V5-V6 region, collected following incubation). Both libraries were dominated by diverse Epsilon-, Delta-, and Gammaproteobacteria and included bacteria from the Bacteriodetes and the OD1 and BD1-5 clades (Fig. 4) . The incubation material included both the white biofilm and underlying sediment and had relatively fewer Epsilonproteobacteria and more Gammaproteobacteria than the white biofilm alone ( Fig. 4A  and B ). The vast majority of archaea in the incubation library ( Fig.  4B) were affiliated with anaerobic oxidation of methane group II (ANME-II) in the Methanosarcinales (see Fig. S2 in the supplemental material). rRNA transcripts and universal marker genes (44) expressed during the incubation experiment ( Fig. 4C and D; see also Table S1 in the supplemental material) showed a taxonomic distribution generally similar to that of the incubation rRNA gene library but with different proportions of the major groups. rRNA transcripts had a larger contribution from Epsilonproteobacteria and ANME-II archaea than did the rRNA gene libraries. Universal marker genes in the metatranscriptome included a large subset of sequences assigned to the Firmicutes (Fig. 4D ). "Ca. Thiopilula" sequences were present in the metatranscriptome (3.3% of rRNA transcripts) ( Fig. 3 ) but were exceedingly rare in the rRNA gene libraries. The 16S rRNA gene library from the white biofilm (V3 primers) contained only 14 total sequences associated with "Ca. Thiopilula" (0.01% of the library), and the incubation rRNA gene library did not contain any "Ca. Thiopilula" sequences.
The most abundant rRNA gene and transcript sequences identified as likely sulfur-oxidizing microorganisms in the community were representatives of the Epsilonproteobacteria (Fig. 4 ). Most epsilonproteobacteria from the rRNA gene data sets were relatives of Sulfurovum, with a smaller number of Sulfurimonas-like sequences ( Fig. 4) . Based on the frequent occurrence of environmental sequences from these two clades in sulfidic habitats, and from the study of the isolates that have been characterized to date, Sulfurovum spp. and Sulfurimonas spp. are likely microaerophilic sulfur oxidizers (72) . The Barbados cold seep community also contains numerous presumed organoheterotrophic taxa, including abundant Vibrionales sequences in the Gammaproteobacteria (primarily Photobacterium spp.). Other abundant taxa include anaerobic and aerobic methanotrophs (ANME-II archaea and Methylococcales bacteria) and presumed sulfate reducers in the Desulfobulbaceae and Desulfobacteraceae families within the Deltaproteobacteria.
"Ca. Thiopilula" gene expression under anoxic, sulfidic conditions. Presumably, vacuolated sulfur-oxidizing bacteria are especially adept at life in episodically anoxic sediments, because they can store energy in the form of elemental S and nitrate as well as in other storage compounds such as polyphosphate and glycogen (11) . In order to explore the ecophysiology of the Barbados "Ca. Thiopilula" organisms when exposed to anoxia, we used metatranscriptomics to characterize gene expression by the "Ca. Thiopilula" mat community when incubated under anoxic, sulfidic conditions. The metatranscriptome generated from the incubation sediment contained 26.5 million reads and 4.8 Gb of sequence data following quality filtering, of which 7.8% were mRNA transcripts. De novo assembly produced 15.5k contigs between 200 and 7,323 bp, with average and N 50 lengths of 482 and 505 bp, respectively.
FISH analyses of sediment and biofilm before and after incubation confirmed that the large sulfur-oxidizing bacteria were alive throughout the incubation (Fig. 2E ). Using a custom PhymmBL database supplemented with all other available Beggiatoaceae genome sequences, 34 total contigs were assigned to the Beggiatoaceae family, of which 24 sequences were annotated to RefSeq by MG-RAST and 21 sequences were assigned to clusters of orthologous groups (COG) and nonsupervised orthologous groups (NOG) by either MG-RAST or RAMMCAP ( Table 1 ). The Beggiatoaceae contigs ranged from 200 to 1,002 bp in length, with coverage of between 1.59ϫ and 25.8ϫ. Expressed Beggiatoaceae sequences include multiple ribosomal proteins and pilus assembly proteins and several sequences involved in sulfur and nitrogen metabolism. Because of their abundance in the metatranscriptome, and because only a single large sulfur-oxidizing bacterium morphotype was observed in the microbial mat, we assume that all Beggiatoaceae contigs originated from the "Ca. Thiopilula" population.
During incubation, the Barbados "Ca. Thiopilula" population expressed two genes involved in sulfur oxidation, reverse-type dissimilatory sulfite reductase subunit A (dsrA) and adenosine-5=phosphosulfate (APS) reductase subunit A (aprA). Both of these genes encode enzymes for the oxidation of intracellular sulfur globules (43, (73) (74) (75) , and the expression of these genes is consistent with observations of intracellular S 0 in "Ca. Thiopilula" cells. Reverse-type dissimilatory sulfite reductase (Dsr) catalyzes the oxidation of S 0 to sulfite, and APS reductase (Apr) converts the sulfite to APS. APS is then dephosphorylated to sulfate, which is transported out of the cell (43) . Phylogenetic analysis of the ex- DsrA sequences pressed DsrA sequence shows that it groups with Beggiatoa and Thiomargarita sequences in a large group with other reverse-type DsrA sequences from sulfur-oxidizing bacteria (Fig. 5A) . Reverse DsrA phylogenies are generally congruent with 16S rRNA gene trees (50) , so the pattern shown in Fig. 5A is unlikely to result from horizontal gene transfer.
The "Ca. Thiopilula" population also expressed multiple genes that are likely involved in nitrate reduction. The two longest contigs in the Beggiatoaceae bin are most similar to a recently characterized octaheme cytochrome that was proposed to be involved in the reduction of nitrogenous compounds in vacuolated marine Beggiatoa ("Ca. Maribeggiatoa") (41, 42) . This Beggiatoa protein, BOGUAY_0691, was found to have nitrite reductase, hydroxylamine oxidase, and hydrazine oxidase properties in vitro (42) . Although its physiological role remains uncertain, MacGregor et al. (41, 42) argued that the latter two functions are unlikely and that BOGUAY_0691 probably serves as a nitrite reductase in vivo. Indeed, its expression under anoxic, sulfidic conditions in our incubation experiments is further evidence for its involvement in reductive rather than oxidative dissimilatory N metabolism. Phylogenetic analysis of the Barbados "Ca. Thiopilula" sequence places it in a clade with the BOGUAY_0691 Beggiatoa sequence, a "Ca. Omnitrophus fodinae" sequence classified as a hydroxylamine oxidoreductase, and the sequences of several other hypothetical proteins from sulfide-oxidizing symbionts (Fig. 5B ). This clade is only distantly related to well-characterized hydroxylamine oxidoreductases from Nitrosomonas spp. and other aerobic ammonium oxidizers (Fig. 5B) (76) . Similar octaheme cytochromes have been proposed to function in a novel dissimilatory reduction of nitrate to ammonia (DNRA) pathway (77) (78) (79) . DNRA has been shown for Thioploca and is suggested to occur in other members of the Beggiatoaceae (80). However, further characterization of these octaheme cytochromes will be required to identify their metabolic role in the Beggiatoaceae and determine whether or not they are involved in DNRA. The Barbados "Ca. Thiopilula" population also expressed a nitrate transporter in the major facilitator superfamily ( Table 1) . Expression of this transporter under anoxic conditions, combined with that of the BOGUAY_0691-like proteins, suggests that the Barbados "Ca. Thiopilula" organisms were reducing nitrate during the anoxic incubation.
The expression of genes for both sulfur oxidation and nitrate reduction is consistent with the presence of intracellular sulfur and a central vacuole in the Barbados "Ca. Thiopilula" organisms. It therefore appears that, like other vacuolated members of the Beggiatoaceae, Barbados "Ca. Thiopilula" is capable of anaerobic sulfur oxidation via nitrate respiration. Because Dsr is thought to be essential for the oxidation of stored elemental sulfur, it is likely that internal elemental sulfur was serving as the electron donor (Fig. 6 ). The nitrate transporter could be used for nitrate transport across either the cytoplasmic membrane or the vacuolar membrane, where respiration of nitrate is thought to occur in vacuolated Beggiatoa (81) (Fig. 6 ). Nitrate (30 to 50 M) was present in both the core top water and the incubation supernatant (Table 2) , so we cannot rule out the possibility that the organism was re-sponding to nitrate in the sediments rather than respiring nitrate stored in its vacuole.
Because no reference genome is available for "Ca. Thiopilula," identification of "Ca. Thiopilula" transcripts was dependent on sequence similarity to other members of the Beggiatoaceae. Metatranscriptome contigs are too short to be binned based on tetranucleotide signatures or similar methods (82, 83) . Therefore, classification of contigs is subject to "database bias," in which unequal representation of taxonomic groups in genome databases can cause sequences to be incorrectly assigned to the "next best" taxon (e.g., see reference 84). Horizontal gene transfer, which has occurred between the Beggiatoaceae and other groups (85) , would further result in inaccurate transcript assignment. Simulated PhymmBL classification of genomes that were not present in the database showed that while Ͼ85% and Ͼ70% of fragments were accurately classified at the class and family levels, respectively, only 10 to 50% of the total sequences could be assigned (see Fig. S1 in the supplemental material). Therefore, we expect that additional transcripts from the Barbados "Ca. Thiopilula" population are present in the data set but are either unclassified or assigned to other taxa. "Ca. Thiopilula" sequences account for 3.3% of 16S rRNA transcripts, but only 0.14% of the mRNA sequences could be assigned to the Beggiatoaceae. This likely explains the failure to detect certain transcripts for genes in pathways for sulfur and nitrogen metabolism (e.g., the presence of dsrA but the absence of dsrB and dsrC) ( Table 1) . Other sequences may also be expressed at levels that were below the limit of detection in our data set.
Nonetheless, de novo metatranscriptome assembly remains a suitable strategy for gene expression analysis of environmental microbial communities (e.g., see reference 86), and our findings here represent the first transcriptomic information for "Ca. Thiopilula"-like organisms. Cultivation-independent techniques have proven essential for an understanding of the ecophysiology of the Beggiatoaceae (e.g., see reference 80), and our approach here represents another avenue for the study of large sulfur-oxidizing bacteria that are currently not in culture (see also reference 11). While isotope labeling approaches indicate sulfide oxidation linked to DNRA in related organisms such as Thioploca spp. (80) and the aerobic oxidation of sulfide by Thiomargarita was measured by using microsensors (87) , the anaerobic metabolism of Thiomargarita-like bacteria has not been previously documented. Our results link specific genes associated with anaerobic nitrate and sulfur metabolism in other organisms to metabolic pathways that have previously only been suspected to be active in Thiomargarita and "Ca. Thiopilula" (Fig. 6 ). Future analyses combining gene expression analyses with other cultivation-independent techniques will be essential to further define other physiological attributes of "Ca. Thiopilula"-like organisms from diverse environments.
Metatranscriptomic analysis of microorganisms co-occurring with "Ca. Thiopilula" in the Barbados cold seep microbial community. Abyssal cold seeps like those described in the present study receive negligible inputs of energy and organic carbon from the surface ocean. Instead, primary productivity at the sediment surface is supported largely by sulfide production from AOM, which is, in turn, fueled by advection of methane from deepseated sources. Based on their abundance in the DNA and RNA libraries, the microbes very likely responsible for the majority of AOM at this site are the abundant ANME-II archaea and Deltaproteobacteria. Indeed, some of the most highly expressed transcripts in the metatranscriptome overall were the methyl coenzyme M reductase and associated genes (mcrABCD) by the Methanomicrobia (Fig. 7) . The most abundant rRNA sequences identified as archaea in the metatranscriptome are an ANME-IIa phylotype and an ANME-IIc phylotype, which represent 4% and 2.5% of the total SSU rRNA transcripts, respectively (see Fig. S2a in the supplemental material). The most abundant rRNA sequences identified as Deltaproteobacteria are two phylotypes in the SEEP-SRB1 group (family Desulfobacteraceae), which represent 1.8% and 1.7% of the total SSU rRNA transcripts, and two phylotypes in the Desulfobulbaceae family, which represent 1.7% and 1.5% of the total SSU rRNA transcripts (see Fig. S2b in the supplemental material). Members of the SEEP-SRB1 clade are generally thought to be the common syntrophic partners of ANME-II organisms (88, 89) . In contrast, in a recent study of deep cold seeps in the Japan Trench (5,346-m water depth), SEEP-SRB1 bacteria were rare, and the most abundant Deltaproteobacteria were instead members of the SEEP-SRB3 and SEEP-SRB4 clades in the Desulfobulbaceae (90) . However, the abundance of SEEP-SRB1 sequences in the Barbados sediments indicates that the ANME-II/ SEEP-SRB1 association may indeed occur at abyssal depths, although the abundance of Desulfobulbaceae group Deltaproteobac- teria suggests that other syntrophic associations are possible (see also reference 91).
The sulfide generated in the cold seep sediments supports abundant sulfide-oxidizing bacteria. In addition to "Ca. Thiopilula," sulfur-oxidizing Epsilonproteobacteria (primarily Sulfurovum spp.) were abundant and active in the mat community ( Fig.  4) . Sulfurovum spp. have been previously reported at other abyssal methane seeps (90) and may represent important free-living chemolithoautotrophic primary producers at deep cold seeps. The metatranscriptome includes nitrate reductase sequences affiliated with the Epsilonproteobacteria (see Fig. S3 in the supplemental material), which is consistent with a facultative anaerobic life-style of the isolated "Sulfurovumales" strains. Aerobic methanotrophs are also present in the data set (Methylococcales) (Fig. 4) , and methanotrophy is another potential source of biomass production at the sediment-water interface.
Many of the most highly expressed genes in the data set are affiliated with Photobacterium spp. in the Vibrionales clade (Gammaproteobacteria) (Fig. 7) . Highly expressed Vibrionales transcripts include some that code for carbohydrate metabolism and transport functions, which is consistent with an organoheterotrophic physiology. Alternatively, these highly expressed genes may represent a stress response by this otherwise depth-adapted bacterium. Two abundant transcripts encode enzymes in the gluconeogenesis pathway (phosphoenolpyruvate [PEP] carboxykinase and glyceraldehyde-3-phosphate dehydrogenase) (Fig. 7) , and Vezzi et al. (92) reported the upregulation of gluconeogenesis as a stress response in Photobacterium profundum. Photobacterium spp. appear to be active and important organoheterotrophic members of the Barbados community under anoxic conditions, and carbohydrates in the EPS produced by other members of the mat community, potentially including "Ca. Thiopilula," may act to enrich for these piezophilic heterotrophs.
Overall, the inferred composition of the cold seep microbial community at Barbados is consistent with shallow oxygen penetration and anoxic conditions directly below the sediment-water interface. The presence of both obligate anaerobic and aerobic organisms within immediate proximity of the sediment surface indicates that the white biofilm is poised at a sharp redox interface. ANME-II organisms are thought to be less sensitive to oxygen than ANME-I archaea (93) , and their dominance in shallow sediments at this site is consistent with a sharp but unstable redox interface ( Fig. 2A) . Microorganisms that can oxidize sulfide using both nitrate and presumably oxygen, like "Sulfurovumales" and "Ca. Thiopilula" (see Fig. S3 in the supplemental material), are well suited to this setting. Indeed, as a vacuolated sulfur oxidizer that is able to store both metabolic electron donors and acceptors, "Ca. Thiopilula" may be especially well adapted to methane seep conditions that are known to fluctuate with changes in fluid flow.
Summary and implications. Although Thiomargarita-like bacteria have been previously reported to compose microbial mats at cold seeps, this study is the first to report gene expression data from such mat communities. The mats described here contained a population of vacuolated sulfur-oxidizing bacteria identified as representatives of the genus "Ca. Thiopilula." The Barbados organisms were morphologically similar to "Ca. Thiopilula aggregata" bacteria, which are known to occur as aggregates of multiple cells living in close proximity to other vacuolated sulfuroxidizing bacteria, but were found here at abyssal depths as isolated cells. The expression of genes associated with sulfur oxida-tion and nitrogen reduction suggests that "Ca. Thiopilula" oxidizes reduced inorganic sulfur compounds using nitrate in a manner similar to that of some related vacuolated bacteria. Gene expression data further suggest that the canonical relationship in which sulfate reduction and AOM produce sulfide that fuels sulfide oxidation is also occurring in Barbados cold seep sediments at abyssal depths, with a diminutive Thiomargarita-like bacterium occupying the niche filled by its larger brethren at shallower methane seeps.
